The invention of the efficient blue Light Emitting Diode (LED) 1 has led to the Solid State Lighting (SSL) revolution that will replace inefficient incandescent and fluorescent lamps by much more efficient light sources. Blue light is necessary for the generation of broadband white light. In a white LED this generation is usually realized through a luminescent or phosphorescent material, which is called the phosphor. 2 Blue light from efficient InGaN quantum wells is absorbed by the phosphor, which emits light of a longer wavelength. White light is generated by mixing the emission of the phosphor with the fraction of non-absorbed blue light. Research on light generation in white LEDs has mainly focused on the improvement of the quantum efficiency of the phosphor by modifying the material composition and on the change of the emission spectrum in order to optimally match it to the photopic sensitivity curve of the eye. 3 In this article we demonstrate a radically different approach to modify the emission intensity and spectrum of phosphors for SSL. This approach relies on coupling the emission to quasi-guided modes in the phosphor layers. These modes are very efficiently outcoupled to free space radiation by scattering with periodic arrays of metallic nanoparticles. Metallic nanoparticles support localized surface plasmon polaritons (LSPPs), which are the coherent oscillations of the free charges in the metal driven by the electromagnetic field. 4 LSPPs are resonant phenomena leading to the increase of the polarizability of the particle and, consequently, to the scattering efficiency. 5 In order to use resonant plasmonic nanoparticles in real applications, we need to have large arrays or ensembles of these nanostructures. Therefore, we investigate the modification of the emission from phosphor layers on top of periodic arrays of metallic nanoparticles. These and similar arrays have received recently a significant attention because of their capacity of supporting collective plasmonic resonances. These collective resonances are the result of the enhanced radiative coupling of LSPPs through scattering and diffraction by the particle array. Two different kinds of collective resonances in periodic arrays of plasmonic particles have been described in the literature. 6 The first kind arises in waveguides with the particle array in their proximity (usually on one facet). The guided modes are responsible of the enhanced radiative coupling of LSPPs. 7, 8 Alternatively, this system can be regarded as a waveguide supporting quasi-guided modes that are coupled to freespace radiation by scattering with the particle array. The second kind of collective resonances arises from the in-plane diffracted orders of the array, [9] [10] [11] and it does not require a waveguiding layer. Light emission from emitters in the proximity of these systems has been recently reported. [12] [13] [14] [15] [16] [17] [18] [19] Collective plasmonic resonances lead to the enhanced and directional emission that has been proposed for the * Electrochemical Society Active Member.
z E-mail: j.gomezrivas@differ.nl improvement of the performance of white LEDs. [20] [21] [22] Here, we report on the forward emission from quasi-guided modes in polymer layers containing dye molecules. We describe how the emission spectrum of the system is changed by varying the thickness of the waveguide. This change in thickness modifies the number of guided modes that can be supported by the structure. As the emission spectrum of the dye depends on the mode distribution, this emission is controlled and can be increased by the layer thickness. In this way, the luminous efficacy of the system is not only defined by the phosphor internal structure, but also by geometrical parameters, such as the waveguide thickness and the particle array. These parameters can be easily changed to achieve a certain emission. Due to these characteristics, we refer to these systems as a luminescent metamaterials, i.e., engineered composite materials that exhibit superior properties not observed in the constituent materials or nature.
Sample Fabrication and Spatial Distribution of the Emission
We have fabricated a periodic array of aluminum (Al) nanoparticles using substrate conformal nanoimprint lithography (SCIL). 23 A rubber stamp is used with this technique to transfer a pattern onto a substrate (silica in our case). This pattern is used in combination with metal evaporation and lift-off to define large arrays of nanoparticles. The advantage of SCIL over other nanofabrication techniques, such as electron beam lithography or focus ion beam lithography, is that it enables the fast structuring of large surfaces with an excellent reproducibility. A scanning electron microscope image of the fabricated array of nanoparticles is shown in Fig. 1a . The array is a hexagonal lattice with a pitch of 450 nm. Each nanoparticle has a pyramid shape with a height of 150 nm and a top and bottom diameters of 70 and 140 nm, respectively. We have chosen Al as the metal for the fabrication of the nanoparticles because it is an unexpensive material with relatively low losses in the visible spectrum. 24 These characteristics make Al an excellent candidate for solid-state lighting applications.
As a luminescent layer we have used two different organic molecules, namely, Lumogen F Red 305 (F305) and Lumogen F Orange 083 (F083) from BASF, embedded in polystyrene (PS). These dyes are characterized by their photostability and are suitable phosphors for white light generation in solid state lighting. The concentrations of F305 and F083 are 4 wt% and 2 wt% of the polymer matrix, respectively. This mixture of organic dyes exhibits an efficient Förster resonant energy transfer (FRET). Figure 1b displays the absorption and emission spectra of the two separate dyes, while Fig. 1c represents these spectra for the mixture. In the FRET process the F083 molecules act as donor and the F305 molecules as acceptor. In this way the absorption at a frequency of 666 THz (λ = 450 nm) can be maximized and the red emission optimized. The luminescence layer was deposited on top of the particle array. This was done by dissolving the PS and the organic molecules in cyclopentanone and by spin-coating this solution on top of the array. By varying the viscosity of the solution and the spin rate we could control the thickness of the polymer layer in the range from t = 460 to 1960 nm with an uncertainty of ±20 nm. The composite structure, consisting of the array of metallic nanoparticles and the luminescent layer, constitutes the luminescent metamaterial that, as we show below, modifies the emission characteristics (spectrum and direction) of the dye mixture.
As mentioned in the introduction, one of the most relevant characteristics of LSPPs and collective plasmonic resonances is their capacity of enhancing and spatially redistributing the emission of nearby emitters. In order to illustrate this effect, we compare in Fig. 2 the emission from a dye layer with a thickness t = 1550 nm with the emission of a luminescent metamaterial, i.e., a similar layer on top of the hexagonal array of Al nanoparticles. The experiment is illustrated in Fig. 2a : We have used a diode pumped continuous wave laser diode emitting at a wavelength of 453 nm. The laser beam is split in two beams with a 50/50 beam splitter to excite with the same optical power of 25 mW both the reference layer and the luminescent metamaterial. The photoluminescence was collected with bi-convex lenses (focal length = 35 mm and NA = 0.34) and projected onto a screen placed at a distance of 70 mm from the samples. The fraction of the blue light from the laser that was not absorbed was filtered out with two identical band pass filters placed behind the samples with a cutoff frequency of 545 THz (λ = 550 nm). Figure 2b shows a photograph of the emission from the two samples, which are visible in the lower part of the image, projected onto the screen. The reference layer on the left side shows a nearly homogeneous emission over the range of angles collected by the lens. This emission corresponds to a Lambertian emitter. On the other side, the emission from the luminescent metamaterial (right side) is very pronouncedly enhanced and this enhancement is the strongest in the forward direction. The origin of this response has been described in Ref. 20 and it is mainly two-fold: First, the presence of the particle array resonantly enhances the absorption of the blue light in the luminescent layer. This produces an overall enhancement of the emission intensity in all directions. Second, the emission couples to guided modes in the luminescent layer and this emission is coupled out by the array in defined directions. These directions are given by the lattice structure and lattice constant. This is clearly observed in the photograph of the emission, where also a six-fold rotation symmetry in the emission, caused by the hexagonal lattice, is visible. In the example of Fig. 2b these parameters are chosen such that the emission is preferential in a reduced solid angle in the forward direction. Different lattices provide different emission characteristics, such as directional enhancement and luminous efficacy. We also note that periodic lattices of nanoparticles are needed to couple the emission of extended and relatively thick luminescent layers in defined directions. Therefore, random arrays of nanoparticles with same filling fraction as periodic arrays, do not provide similar characteristics in terms of enhanced directional emission. 20 
Layer Thickness Dependence of the Emission
Emission enhancement.-In order to determine the optimum thickness for the luminescent layer in terms of emission enhancement, we have measured the photoluminescence (PL) of several samples formed by the same Al particle array but with different dye layer thicknesses on top. Two of these measurements are displayed in Fig. 3 . For the measurement the dye was excited with the light from the blue diode laser at normal incidence and the polarization along horizontal direction of Fig. 1a . Figure 3a displays the emission from a luminescent metamaterial with a layer thickness of t = 530 nm, while Fig. 3b corresponds to the emission with a layer thickness of t = 1960 nm. In both figures it is also displayed with a red curve the emission spectra of luminescent layer with equal thickness but without the particle array. All the spectra were measured with a fiber coupled spectrometer at the central position of the emission pattern and at the same distance from the sample as the screen used to take the photograph of Fig. 2b . In both panels of Fig. 3 we observe narrow bands of enhanced emission. The width of these bands decreases and their number increases as the luminescent layer thickness increases.
The homogeneous luminescent layer has a refractive index of n = 1.59 in the visible. This value has been determined from ellipsometry measurements (not shown here). This index is higher than the refractive indexes of the media above and beneath the luminescent layer, which are n 1 = 1 and n 2 = 1.46. Therefore, the layer supports transverse electric (TE) and transverse magnetic (TM) waveguide modes to which the emission can couple. The dispersion relations of these modes are given by the following transcendental equations 25, 26 
for TE, and
for TM, where
m is the order of the mode, k ⊥ , α 1 and α 2 are the transverse wavenumbers in the waveguide, upper medium and substrate respectively, k || is the parallel wavenumber along the propagation direction, and t is the layer thickness. The number of modes that can be guided in the layer depends on the thickness of the slab; increasing this number as the thickness increases. The particle array beneath the layer provides by scattering the required wavenumber or momentum to the guided light in order to couple out into free space. The large polarizability of the metallic nanoparticles due to the LSPPs enables an efficient scattering and outcoupling of this guided radiation. The vertical lines in Fig. 3 represent the eigenfrequencies of the quasi-guided modes in the periodic structure coupled out in the directional normal to the surface of the sample at which the PL was measured. These eigenfrequencies are calculated using the empty lattice approximation. In this approximation, the dispersion curves of the guided modes are folded into the light cone by scattering with the periodic structure. 27 This folding back into the light cone results in the coupling of guided modes to free space radiation, which leads to the term quasi-guided when referring to these modes. Note that due to the hexagonal symmetry of the lattice, the modes coupled out in the normal direction have a six-fold degeneracy. As a result the total intensity of the light emitted in this direction can be relatively large.
The two peaks at 504 THz and 495 THz in the emission spectrum of the luminescent metamaterial with the layer thickness t = 530 nm (Fig. 3a) correspond to the fundamental TM 0 and TE 0 quasi-guided modes. The measured mode frequencies differ from the calculated eigenfrequencies of the waveguide. These discrepancies can be ascribed to the fact that the eigenfrequencies are calculated using the empty lattice approximation, which assumes no perturbation of the modes by the individual particles forming the lattice and no coupling between modes. This is clearly not the case in view of the relative large size of the particles compared to the thickness of the waveguide. For the layer with a thickness of t = 1920 nm (Fig. 3b) , the TM 0 and TE 0 quasi-guided modes are redshifted to 487 THz and 485 THz, respectively. This shift is consistent with the larger thickness and a better electromagnetic field confinement in the high refractive index medium, i.e., the waveguide. Besides the fundamental modes, higher order quasi-guided modes appear in the emission spectrum: The TM 1 and TE 1 at 494 and 491 THz, respectively, and the TM 2 and TE 2 modes at 505 and 499 THz. We also note that the discrepancy between the calculated eigenfrequencies and the measured peaks is smaller for the thicker waveguide. This is consistent with the previous explanation of this discrepancy in terms of the perturbation that the particles introduce to the guided modes. This perturbation should be reduced as the thickness of the waveguide increases. In addition to the narrow emission resonances assigned to the quasi-guided modes, we also observe in Figs. 3a and 3b a broad peak at 474 THz. This peak does not significantly shift as the thickness of the luminescent layer is changed, which indicates that its origin is not in the waveguide. Instead, this broad peak can be assigned to the LSPPs in the individual Al particles of the array. Figure 4a displays the integrated PL intensity of the reference layer (red circles) and of the luminescent metamaterial (black squares) as a function of the layer thickness. The integration is performed over the emission spectrum of the dye. For the reference layer we observe a monotonous increase of the emission due to the increased absorption of the blue light. For the luminescent metamaterial the dependence of the emission with the layer thickness is more complex. The integrated PL intensity is larger for all the thicknesses compared to the reference layer. This increased intensity is due to an enhanced blue absorption by the dye due to the scattering with the particle array and, as discussed next, to the coupling of the emission to the quasi-guided modes of the structure.
To better compare the PL of the luminescent metamaterials with the reference layers, we display in Fig. 4b the integrated PL enhancement, defined as the ratio of the integrated PL intensity of the metamaterial to the reference, as a function of the layer thickness. In this figure we can appreciate the initial increase of PL enhancement for thin luminescent layers and the decrease of this quantity as the thickness is further increased. This behavior can be qualitatively explained by field overlap between the guided modes, the dye molecules and the particle array responsible for the outcoupling of the emission to free space. As discussed in Ref.,28 the field of the fundamental guided mode in thin layers is mainly distributed in the surrounding dielectric, i.e., at positions where the dye molecules and the particle array are not located. Therefore, the emission from the molecules cannot efficiently couple to the guided modes. As the layer thickness increases, the field is better confined in this layer and the fraction of the emission that can couple to the guided modes increases. This field also scatters from the particle array coupling to free space. This is the reason for the initial increase of the PL enhancement as the luminescent layer thickness is increased. After reaching a maximum PL enhancement for t ∼ 650 nm, this quantity decreases. The decrease can be attributed to the weaker interaction of the guided modes with the array of particles. For thick layers we expect that the field is mainly distributed inside the waveguide and the scattering with the particle array located at the edge of the waveguide is weak. In the limit of very thick layers, the PL enhancement should converge to one and the emission from the bare luminescent layer should not be significantly modified by the particle array.
Luminous efficacy of optical radiation.-After having established the dependence of the PL intensity with the thickness of the luminescent layer, we describe the spectral luminous efficacy, η s , of the luminescent metamaterial. The physical properties of emitting materials are characterized by radiometric units (e.g. photon energy and optical power) at any frequency. The photometric quantities (e.g. η s ) are relevant when the emission is detected by the human eye. Therefore, the manipulation and optimization of these photometric quantities are of utmost importance for SSL.
The η s characterizes how well a light source produces visible light and it relates the spectral power of the source to the luminous flux, lum , which is the measure of the perceived power of light by the human eye. The η s is given by
where W(ν) is the power spectral density, which is proportional to the measured counts per unit time at frequency ν, times the photon energy at this frequency. The integral in the former equation is performed over the emission spectrum of the dye. Therefore, this equation defines the red luminous efficacy. We stress that this efficacy refers to a spectral efficacy, i.e., it has units of lumens per visible watt instead of lumens per input optical watt or lumens per electrical watt. This quantity has no bearing on the absorption, down-conversion and emission efficiencies of the system.
The luminous flux is given by
where the factor of 683, with units of lumens per watt, scales the result with the definition of lumen, and V(ν) is the photopic sensitivity curve of the eye. maximum value of 286 lm/W for t = 760 nm compared to the value of 245 lm/W for the reference layer. Moreover, we see that the η s of the luminescent metamaterial shows a strong thickness dependence, in contrast to the η s of the bare luminescent layer, which is constant for all thicknesses.
We display in Fig. 6 the measured and normalized to the maximum emission spectrum, together with the photopic sensitivity curve, to understand better the behavior of η s . Figure 6a corresponds to a bare luminescent layer with a thickness of t = 760 nm. A relatively large area under W(ν) spectrally overlaps with the low frequency tail of V(ν), which limits the luminous efficacy. As pointed out in the previous section and shown in Figs. 6b-6d , the coupling of the emission to guided modes in the luminescent metamaterial strongly modifies the spectrum. This modification depends on the available modes in the layer to which the emission from the dye can couple, which is a function of the layer thickness. In this case we have that W is not only a function of frequency but also of the layer thickness, i.e., W(ν, t). Since V(ν) is independent of the thickness, we can conclude that the η s becomes thickness dependent, as shown in Fig. 5 . Indeed, the spectral position, linewidths, and intensities of the peaks in the spectrum can be varied by changing the thickness of the waveguide layer, which allows to control the overlap between W(ν, t) and V(ν). This is illustrated in Figs. 6b, 6c and 6d , which show the normalized emission spectra for t = 530 nm, t = 760 nm and t = 1960 nm, together with the photopic sensitivity curve (thin blue curves). The maximum value of η s is achieved for t = 760 nm (see Fig. 5 ). In this case the TM 0 and TE 0 guided modes are at ν = 496 and 491 THz, respectively, where V = 0.56 and 0.5. These modes provide a large contribution to the spectral power density in a narrow frequency range where V(ν) is relatively large. The decrease of η s for larger values of t can be explained by the redshift of the TM 0 and TE 0 modes. For t = 1960 nm these modes are at ν = 487 THz, where V = 0.43, and at ν = 485 THz, where V = 0.39, i.e., at frequencies at which the values of V are lower than for the t = 760 nm layer.
Conclusions
We have investigated the emission from luminescent layers on top of periodic arrays of metallic nanoparticles. The layers support guided modes to which the emission can couple. The arrays couple out the guided modes in directions that are defined by the lattice. The number of guided modes available for the emitter to couple can be controlled by changing the thickness of the layers. This change modifies the spectral content of the emission spectrum, which has an impact on the photoluminescence enhancement and on the luminous efficacy of the system. These type of luminescent layers coupled to particle arrays can be considered as luminescent metamaterials, with emission properties that are artificially designed by the structure rather than by the material. This additional degree of freedom can be employed to improve the emission characteristics of white LEDs.
